We study three prominent bi-modal X-ray clusters: A3528, A1750 and A3395. Using observations taken with ROSAT and ASCA, we analyze the temperature and surface brightness distributions. We also analyze the velocity distributions of the three clusters using new measurements supplemented with previously published data. We examine both the overall cluster properties, as well as the two sub-cluster elements in each. These results are then applied to the determination of the overall cluster masses, and demonstrate excellent consistency between the various methods used. While the characteristic parameters of the sub-clusters are typical of isolated objects, our temperature results for the regions between the two sub-clusters clearly confirm the presence of merger activity. These three clusters represent a progression of equal-sized sub-cluster mergers, starting from initial contact to immediately before first core passage.
INTRODUCTION
Optical and X-ray studies (e.g. Forman et al. 1981; Jones & Forman 1984; Dressler & Shectman 1988; Mohr et al. 1995; Bird 1994; Slezak et al. 1994) have shown that galaxy clusters are dynamically evolving systems, exhibiting a variety of substructure and asymmetric morphologies. The high frequency of substructure-∼ 40% )-suggests that clusters are still forming hierarchically through the merger and accretion of subclusters and galaxy groups. While the prevalence of substructure has primarily been used to constrain cosmologies (Richstone, Loeb, & Turner 1992; Mohr et al. 1995) , detailed studies of merging clusters impact a number of important areas including cooling flow formation and evolution, galaxy evolution, and gravitational mass measurements.
Temperature maps of the X-ray emitting gas are an especially sensitive tool for the detection of dynamic activity. Hydrodynamic simulations indicate that mergers should produce characteristic temperature patterns that survive 4-6 times longer than perturbations in the gas density (e.g. Schindler & Müller 1993; Ricker 1997) . Recent observations (e.g. Henry & Briel 1995; Henriksen & Markevitch 1996; Markevitch et al. 1996a Markevitch et al. , 1998 Donnelly et al. 1998 have found just such characteristic temperature structures in a variety of clusters. In particular, in the earliest stages of a merger, simulations show the development of a shock located between the two subclusters and significant heating of the local ICM (Evrard 1990a and b; Schindler & Müller 1993) .
Abell 3528, Abell 1750 and Abell 3395 are known as canonical binary galaxy clusters , Raychaudury et al. 1991 . All three exhibit two clearly separated peaks of emission in X-rays, and varying degrees of distortion in their X-ray surface brightness suggesting a progressive sequence of merging.
We used X-ray data from the ROSAT and ASCA satellites to characterize the emission profile of the gas as well as to map the distribution of temperatures and fit specific regions of interest with typical spectral models. We also analyzed optical velocity measurements to study the internal kinematics and overall dynamics of each cluster.
In Section 2 we discuss the data, its reduction and present the basic results of our work. Section 3 gives estimates of the masses determined from fitting the emission intensity profile, the X-ray luminosity and a virial estimate based on the velocities of the galaxies. Finally, we discuss the implications of our results in Sections 4 and 5 respectively. Throughout the paper we assumed H 0 = 65 km s −1 Mpc −1 , and the error bars quoted on all results are at the 1 σ level.
OBSERVATIONS & METHODS
All three clusters-A3528, A1750, and A3395-were observed using both ROSAT and ASCA. Data were obtained from the HEASARC public archives and the details of the observations are given in Table 1 . Using the broad energy response of ASCA (0.5-10.0 keV), these observations were used to accurately measure the gas temperatures and distributions in these clusters. The significantly better spatial resolution of ROSAT was used to determine the cluster surface brightness distribution, while ROSAT spectra of the central regions provided a diagnostic for the presence of cool gas.
We also compiled a list of velocities and positions of galaxies belonging to the three clusters using new data, supplemented with previously measured redshifts available from the literature. Using this data we analyzed the mean velocities and dispersions of the three clusters as well as sub-samples selected based on the X-ray emission. These results were then used to estimate the virial masses of the merging sub-clusters as well as a comparison to the X-ray results.
ASCA GIS
The ASCA GIS observations were "cleaned" using standard processing tools (Arnaud 1993 ) with a conservative version of the filtering criteria (ABC Guide 6 ). The data from both GIS detectors was combined in our final analysis, while the SIS detectors, with their smaller field of view, were not used for this study.
To correctly characterize the temperature distribution of these extended sources, a correction for the energy dependent PSF must be applied (Takahashi et al. 1995) . We employed a method developed by Churazov and Gilfanov (Churazov et al. 1996 , hereafter the CG method), and used previously on other clusters (Donnelly et al. 1998 , Donnelly et al. 1999 , and Henricksen et al. 2000 . This method first explicitly corrects the core (r ≤ 6 ′ ) PSF, then approximates the PSF of the wings via a Monte-Carlo simulation. The temperature is then fit in each 15
′′ pixel using a linear combination of two fiducial single temperature spectra and smoothed at the resolution scale of the telescope (∼ 5 ′ ) to reduce noise. As shown for A1367 (Donnelly et al. 1998 ) the results of this method are fully consistent with those found using the method presented by Markevitch et al. (1996 and .
Applying this method to each of our three clusters, we fit a Raymond-Smith model to the emission from the entire cluster to derive a global gas temperature (T ASCA ). The results are given in Table 2 . However, the CG method also allowed us to generate two dimensional continuous maps of the gas temperature distributions within the clusters. These temperature maps are shown in Figures 1-3 (top left).
Finally, we also used the CG method to define discrete regions on each cluster and fit the temperature within each region, as shown in Figures 1-3 . In each cluster we defined a region around the core of each sub-cluster, two regions to the "outside"-i.e. away from the other sub-component, and a region between the two subclusters. The fit temperatures, with the associated uncertainties, for these regions are shown in the bottom left of Figures 1-3. 
ROSAT PSPC
The ROSAT PSPC data were reduced using the standard procedures outlined by Snowden (1994; see also Snowden et al. 1994) . By combining only the data from bands 4 through 7 (0.44-2.04 keV), we excluded the lowest energies, that generally have higher X-ray background.
For each of the six sub-clusters in the sample, we generated radial surface brightness profiles in 1 ′ annuli centered on the peak emission for each sub-component. The annuli extended from 0 ′ to 45 ′ and, to minimize contamination of the intensity profile, we excluded the azimuthal half of the profile toward each sub-component's partner. We then measured the average surface brightness (cts s −1 arcmin −2 ) in each annulus and fit the resultant surface brightness profile with a standard hydrostatic, isothermal β-model:
(1) (Cavaliere & Fusco-Femiano 1976) . The backgrounds were fit by including a constant component in our models. For A1750 and A3395 the backgrounds fell in the range 2.08 − 2.80 × 10 −4 cts s −1 arcmin −2 , consistent with typical PSPC backgrounds. For both clusters the errors for the two sub-clusters were consistent with single constant backgrounds. A3528 lies near the edge of its ROSAT frame (an AGN is actually the target of this observation). We used a nearby region of sky to determine the background and found a count rate of 2.43 × 10 −4 cts s −1 arcmin −2 that was included in our fits for this cluster. The bolometric luminosity for each sub-cluster was also calculated using the same regions. The global fit results and luminosities are given in Table 2 .
To search for evidence of the presence of cool gas within the cores, we also extracted ROSAT spectra from the central 2 ′ of each sub-cluster. Using XSPEC to fit a single temperature Raymond-Smith model to the data, we confirmed the presence of cool gas in the NE sub-cluster of A1750 (T = 1.9 
OPTICAL SPECTROSCOPY
A3395 was observed with the ARGUS fiber spectrograph at the CTIO 4m telescope, and with the Shectograph detector at the 100 ′′ DuPont telescope at the Las Campanas Observatory(LCO). The Shectograph/100 ′′ combination at LCO also was used for all of the spectroscopic observations of A1750. Specifics of the instrumental set ups, observing details, reduction and calibration procedures, as well as an evaluation and discussion of internal and external errors, are given in Quintana & Ramírez (1990) . For A3528 the data were drawn from the work by Quintana et al. (2000) on the Shapley Supercluster. The interested reader is directed to that work for a complete discussion of the instrumental configuration.
Velocity determinations were carried out using both a cross-correlation technique and by identifying and fitting line profiles. All reductions were performed using the LONGSLIT, ONEDSPEC and RVSAO packages in IRAF. No systematic internal errors or zero point corrections were found. Typical uncertainties for individual spectra were 30-40 km s −1 using the line fitting method. Crosscorrelation was applied following the procedures described in Quintana, Ramírez, & Way 1995 (QRW95) using 8 templates. In this case the errors were somewhat higher (40-50 km s −1 ) compared to the line fitting method. There was no velocity offset between the methods, and the crosscorrelation was not applied to spectra with emission lines.
We expect some systematic shifts between velocities for A3395 derived from the two different instrument/telescope configurations (LCO 2.5m and CTIO 4m). We confirmed this on a wider data sample, as discussed in QRW95. Following the discussion there, for the present set, we combined velocities after correcting for a 50 km s −1 shift between ARGUS and Shectograph data.
For all three clusters we excluded a small number of objects with obviously discrepant velocities (i.e. a velocity more than 5,000 km s −1 greater or lesser than the peak of the cluster distribution). In the case of A3528 this included 18 objects centered around 23,000 km s −1 . These objects are scattered around the field and may represent a background group.
The data for all three clusters also were supplemented by redshifts available through the NASA/IPAC Extragalactic Database (NED). For A3528 four velocities were drawn from Katgert et al. (1998) , although, no attempt at a determination of a systematic offset was attempted due to the small sample size. The full listing is given in Table 3 .
The NED data for A1750 are from Beers et al. (1991) which shares 26 galaxies with our new data (67 galaxies). From a comparison of the velocities of these common objects, we find that our velocities are systematically larger by 69 km s −1 . In order to have all of our data in a selfconsistent frame, we have applied this offset to the NED data and the offset values are listed in Table 4 .
Similarly for A3395, we have 54 Shectograph velocities in common with Teague, Carter & Gray (1990, TCG90) with a systematic offset of 82 kms −1 . In the case of the ARGUS data, there are 24 velocities in common with TCG90 and our velocities are larger by 133 kms −1 . Both offsets were applied to the NED data and final velocities are listed in Table 5 . There are two galaxies observed with ARGUS and published in TCG90 with large discrepant velocities, both with a TCG90 R value below ∼2.5, that we included in the cluster redshift, contrary to TCG90 who believe them to be background galaxies.
When galaxies had more than one velocity, we adopted as the final value the weighted mean velocity and the associated uncertainty. Weighting factors came from the published uncertainties combined with our internal uncertainties. More details about this procedure are extensively discussed in QRW95.
Using the statistical prescriptions described in Beers et al. (1990) we determined the "mean" velocity for each of our three clusters (see Tables 2 and 6 ). We find generally excellent agreement with previous results (Abell, Corwin, & Olowin 1989 , Struble & Rood 1999 . One exception is that for A3528. Our results give a "mean" velocity more than 500 km s −1 larger than that found by Struble & Rood (1999), but which is more consistent with the values found previously for this cluster by Abell, Corwin, & Olowin (1989) and Katgert et al. (1996) .
The positions of the galaxies are shown with the X-ray intensity isophotes from ROSAT overlaid in Figures 1-3 . We expanded the field of view from that shown for the temperature maps to include all of the galaxies that appear to be members of each cluster. Galaxies with lower velocities than our "mean" cluster velocity are shown in blue while those with higher velocities are shown in red. A velocity histogram for each cluster is also presented.
We note that A3395 has a high velocity bump in its distribution. These objects are shown in Figure 3 as open circles. While they are localized in velocity space, they are distributed very widely across the field of view. This suggests that it is unlikely that they are a background group, and thus they have simply been included in the overall sample.
RESULTS AND ANALYSIS

MASSES
We first estimated the mass of the X-ray emitting gas by using the luminosities for the sub-clusters determined from the ROSAT data and solving for the central density (given in Table 2 ), (David et al. (1990) . The gas density distribution is then integrated to the radius of interest,
Gas masses within 0.5 and 1.0 Mpc are given in Table 7 . We estimated the total mass of each sub-cluster assuming spherical symmetry, hydrostatic equilibrium and using our fit values for the core radii and β's. With these assumptions the mass contained within a radius r is, Markevitch et al. (1998 Markevitch et al. ( , 1999 found that the temperature profiles of galaxy clusters are well approximated by a polytropic equation of the form,
where γ ≃ 1.24. Using this function for the temperature, Equation 4 reduces to
where T (r)-derived from the fit temperature in the core of each sub-cluster-and r are measured in keV and Mpc respectively. However, recent work (Arnaud et al. 2001) done with data taken from XMM suggests that clusters are actually isothermal. If this is the case then our estimates of the total mass are too high by a factor of 1.24. Table 7 gives the results for both the non-isothermal and isothermal total masses. We have also included the total (non-isothermal) mass within 0.5 Mpc for comparison with the gas mass at the same radius. Evrard et al. (1996) suggested that cluster scaling relations also provide reliable estimates of the mass. A volume with an overdensity of δ c has a total mass of
Inverting the scaling relation between radius and temperature (Mohr et al. 2000) ,
to solve for δ c , we find that
For comparison we calculate the mass contained within 1 Mpc. Taking the result from Mohr et al.(2000) that
50 M pc for a 10 keV cluster in our cosmology, Equation 9 then reduces to
The masses within 1 Mpc for each subcluster using the fit temperature from the core can be found in Table 7 . Our results using the scaling relation are generally consistent with those derived from the luminosity and intensity profiles.
The cluster velocity distributions also demonstrate typical dispersions with scales of order 1000 km s −1 . Again employing the statistical methods of Beers et al. (1990) , we examined the characteristics of velocity distributions of each core. In order to isolate each sub-cluster in our analysis we selected only galaxies that lay within a projected radius of 0.5 Mpc of each sub-cluster center. Table 6 gives the details of the velocity distributions and is consistent with typical sub-cluster sized systems.
Two circles indicate the radial extent of the two different subcluster core elements the surface distribution maps of the galaxies in Figures 1, 2 and 3 . The velocity histograms of the two core samples in each cluster have been color coded to the circles and shown along with the overall velocity histograms. For A3395 the two cores are in such close proximity that the 0.5 Mpc circles overlap and there are nine objects in common. The measured dispersions reported in Table 6 for the two sub-samples in A3395 were performed both including and excluding the disputed objects. These objects were excluded from the sub-clump velocity histograms with the number of disputed galaxies in each bin indicated above that bin.
Following the approach outlined by Beers, Geller and Huchra (1982) , we estimated the entire total mass of each sub-cluster using virial techniques. Assuming that they are bound and the velocity dispersions are isotropic, the total mass of each sub-cluster is
where σ r is the velocity dispersion along the line of sight are given in Tables 7 and 2 respectively. We note that while the radial restriction of the galaxy sample should not affect the determination of the velocity dispersion, it may lead to a small underestimate of the mean harmonic radius and thus also the calculated virial masses. Except for the southeast element of A3528, all of the results are in good agreement with the determination from the X-ray data of the integrated total mass within 1 Mpc.
For the southeast clump of A3528, whose optically determined virial mass is twice the X-ray derived total mass, we note that the velocity distribution for this sub-clump has a very extended tail with two galaxies having rather large relative velocities (δV = 1069 and 1554km s −1 ) compared to the mean sub-clump velocity. If these two galaxies are excluded from the velocity calculations for the southeastern clump, the dispersion drops from 930 km s −1 to 513 km s −1 . While the average projected distance increases slightly with this exclusion, the overall effect is to reduce the estimated virial mass by nearly a factor of three, which brings it into much better agreement with the total mass within 1 Mpc.
DISCUSSION
Our data suggest that these three clusters represent progressive stages of first time merger events prior to first core passage. A3528, with its very azimuthally symmetric intensity isophotes appears to be at the earliest stage, when gas in the outer halos of the sub-clumps is just beginning to interact. In A1750, the effects of the merger have begun to distort the intensity isophotes, while A3395 with its clearly disrupted intensity distribution appears to be nearly at first core passage.
Other than their merger state, all three clusters appear to be generally normal. They all have gas mass fractions of ∼ 5% at 0.5 and ∼ 8% at 1.0 Mpc, and their fit β values and core radii (Table 2) are typical for galaxy clusters (Jones & Forman 1984 .
The temperature maps of all three clusters have elevated gas temperatures in the region between the two emission peaks. For all three, the deviation from the overall mean temperature is significant at the 90% confidence level. We note that the heated gas does not have a significant impact on the global fit temperature for each cluster because of its significantly smaller contributions to the overall intensities.
In A3528 the deviation between the merger region (region 3 for all three clusters) and the other regions is the least pronounced and could still be consistent with a uniform temperature throughout the entire cluster-excepting the far northeastern side where the temperature is especially low.
We find a similar result for the temperature data from A1750, although the temperature of the merger region is inconsistent with the temperature of the southwestern core. This suggests that a shock region is developing in the gas, as it is compressed between the two sub-clusters.
Finally, A3395 clearly demonstrates the compression and concomitant heating of the gas that would be expected in merger events similar to those modeled by Roettiger, Burns & Loken (1996; see also Roettiger, Loken & Burns 1997) and Norman & Bryan (1999) .
The spectral analysis of the ROSAT data in the subcluster cores indicates that cool gas is still present in both core elements in A3528 and the northeastern clump of A1750 but not in the other cores. This is consistent with a scenario where the gas within the core is heated as the merger process proceeds.
Since only A3395 shows significantly higher gas temperatures between the sub-clusters, which we interpret as being due to the merger of these sub-clusters, we tested whether or not the systems were bound by examining the overall dynamics of these clusters. A bound system must necessarily fulfill the simple Newtonian energy consideration:
where V r is the observed relative radial velocity, R p is the projected separation of the two sub-clusters, M is the sum of the masses of the two sub-clumps (i.e. the entire system) and α is the projection angle from the plane of the sky. Plots for all three clusters are presented in Figure 4 . The dashed line separates the bound configurations (to the left) from the unbound configurations. We included our measurement of the relative velocity as a solid vertical line with a one sigma confidence region marked by crosshashings. From Figure 4 it is clear that every reasonable configuration for both A3528 and A3395 indicates that the systems are bound.
For A1750 the dynamical analysis is less conclusive. This is in contrast to similar previous work on this cluster by Beers et al. (1991) . While our mass for this cluster is only slightly smaller than their "doubled" mass simulation (6.1 vs 6.8 ×10 14 M ⊙ ), the larger R p , implied by our cosmology, and the increase in V r , from our improved velocity sample decrease the likelihood that the system is bound. However, we note that A1750 has two other components to the system (Beers et al. 1991 , Einasto et al. 1997 ) whose mass had not been included in our simple model. The inclusion of these masses would certainly strongly increase the likelihood that a purely dynamical analysis would find the system to be bound.
SUMMARY
Using observations from ROSAT and ASCA, we developed temperature and density distributions for the hot Xray emitting gas in three binary galaxy clusters: A3528, 1750 and 3395.
We find that the values for β, R c and the luminosities, as well as the masses derived from these parameters, are typical of single clusters. For A3528 and A1750 this is not particularly surprising, given that the bulk of the photons which determine the fit are derived from the core regions which in general are much less distorted than the outer isophotes. However, it is interesting that A3395 which is clearly strongly distorted, still maintains an intensity profile typical of relaxed unperturbed clusters.
Using new velocity data, supplemented with measurements from the literature for each cluster, we generated estimates of the mean velocities for the sub-clusters as well as for the overall cluster, estimates of the dispersions (the "scale" of the distributions) and velocity histograms. Two of the clusters (A3528 and A3395) show no significant differences in the velocities of the subclusters and thus the in-fall appears to be nearly in the plane of the sky. For A1750 the velocity difference of the subclusters is 1335 km s −1 , suggesting that the merger lies more along the line of sight. The masses estimated using the virial method are consistent with the X-ray derived masses.
We also produced an analysis of their orbital dynamics from simple Newtonian energy considerations and find that A3528 and A3395 are nearly certainly bound to each other. The results for A1750 are less conclusive, however as we note there are several nearby additional mass components that are not included in our estimates of the total mass but which are likely part of the same structure and would strongly increase the probability that the system is bound.
The temperature results indicate some heating of the intra-cluster gas, consistent with the level of disruption of the surface brightness distributions. The most prominent feature is the heating of the gas located between the subclusters of each binary. In addition, the absence of cool gas in the cores of three of the subclusters (both parts of A3395 and the southwest element of A1750) may have resulted from the disruption of the cooling flow by the merger.
Our observations suggest that A3528 is in the early stages of a merger, where the gas in both sub-clusters is only just beginning to interact. Both cores show evidence of cool gas, and the intensity contours are still azimuthally symmetric. The temperature of the gas located between the sub-clusters is marginally hotter (∼ 15%) than the overall average for the cluster.
A1750 is slightly further along in the merging process. One of the sub-clusters retains cool gas in the core, but the other most likely does not. There is some elongation of the intensity isophotes and the gas between the cores shows significant heating to ∼ 30% above the overall average.
Finally, A3395 is nearly at first core passage. Neither core shows evidence for cool gas, the intensity isophotes are highly disrupted and the temperature distribution clearly shows that the gas between the two sub-clusters has been heated ∼ 30% above the overall average.
Taken together these three binary clusters present a sequence of views of a typical merger event in a galaxy cluster. More detailed spectroscopic studies with CHANDRA and XMM will provide details of the merging process and its effects on both the intra-cluster medium and the resident galaxies. b The parenthetical value excludes the two galaxies with highly discrepant velocities. a The parenthetical value excludes the two galaxies with highly discrepant velocities. Bottom left: Fit temperatures with 90% confidence error bars for the regions defined on the continuous temperature map. The global cluster temperature is show as a dotted line.Top right: Galaxies with redshifts are overlain on the ROSAT intensity contours. Galaxies with velocities greater than the overall mean cluster velocity are shown in red and those with smaller velocities are in blue. The field-of-view for the top right has been expanded to include all of the galaxies listed in Table 4 and shown in the lower right. The outline of the top left frame is shown as a dashed line. Circles denoting a radius of a half Mpc are shown centered on each sub-cluster core and are color coded to match the sub-cluster histograms shown in the bottom right. Bottom right: Velocity histogram of the galaxies shown in the top right. Bins are 300 km s −1 wide and the overall cluster velocity is indicated by a dashed line. Table 4 and shown in the lower right; the outline of the top left frame is shown as a dashed line. The half Mpc circles in the top right are color coded to match the velocity histograms of the sub-cluster cores shown in the bottom right. Table 5 and shown in the lower right; the outline of the top left frame is shown as a dashed line. The half Mpc circles in the top right are color coded to match the velocity histograms of the sub-cluster cores shown in the bottom right. The galaxies in the high velocity bump in the bottom right are shown as empty circles in the top right panel. 
